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ABSTRACT
The realisation of spatially-determined, uniform arrays of faceted aluminium nitride (AlN) nanos-
tructures has had limited exploration, largely due to the fact that selective area growth of AlN via
MOVPE (Metal Organic Vapour Phase Epitaxy) has not been realised. Instead, this paper reports
the use of a combined top-down, bottom-up approach to realise well-faceted, highly-uniform, peri-
odic nanotextured AlN surfaces. MOVPE regrowth is performed upon dry-etched AlN nanorods and
nanoholes, and we present a study into the effect of the growth conditions on the resulting faceting
and morphology. Specifically, growth temperature, V/III ratio and growth time are investigated and
analysed via scanning-electron and atomic-force microscopy. The V/III ratio was found to influence
the nanostructure morphology most whilst the growth temperature was found to have much less of an
impact within the temperature range studied. Experiments with a longer growth time are performed
to create nanostructures for potential use in applications, such as for AlGaN-based quantum-well or
quantum-dot emitters.
1. Introduction
Aluminium Nitride (AlN), Gallium Nitride (GaN) and
their alloys are wide- [1] and direct-band-gap semiconduc-
tors when in the stable, wurtzite, crystal polytype [2]. The
band gaps for AlN andGaN are∼6.2 eV and∼3.4 eV respec-
tively [3]. The large band-gap range of AlN and GaN means
that alloys of these two materials, with high Al content, are
suitable for UVC devices across the range of 200-280 nm.
However, planar AlN-based UVC devices suffer from low
quantum efficiency and output power [4]. This is partially
due to large amounts of non-radiative recombination in these
devices. The main cause for non-radiative recombination
in AlN and AlGaN based UV LEDs are the high levels of
threading dislocation densities and point defects. This leads
to an inevitable reduction in the internal and external quan-
tum efficiencies [5]. High device operation voltages are also
necessary [6] and the polarisation coefficient of emission
also acts as a bottleneck for high-performance UVC applica-
tions [7]. The polarisation coefficient is important as TM po-
larised light is predominantly emitted from high-Al-content-
AlGaN- and AlN-based planar LEDs. Light of this polari-
sation is very difficult to extract from c-plane AlN or high-
Al-content-AlGaN material [8] [9]. This, therefore, leads to
heavily-reduced light extraction efficiencies [4].
3D structures can, however, be used to overcome these
limitations to some extent. Nanopatterning of sapphire/AlN
templates has been shown to be effective at lowering thread-
ing dislocation densities [10] [11] [12]. 3D nanostructures
also allow for stress relaxation, increased active volume [13]
and higher extraction efficiencies [14]. In the case of higher
extraction efficiencies, utilising nanostructures has been found
the be very effective in allowing the escape of TM-polarised
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photons [15] due to the presence of non- and semi-polar
planes fromwhich TMpolarised light can escapewith greater
ease.
AlN nanostructures can be used to house more exotic
light emitters such as quantum dots. For this, ideally the
nanostructures would comprise highly uniform and ideally
spatially-predetermined arrays, to aid electrical injection. Sin-
gle photon emission (SPE) from III-N site-controlled quan-
tum dots has been demonstrated to operate above room tem-
perature [16]. Arrays of quantum dots which offer spatial,
shape and size determination leading to identical properties
are particularly suitable for quantum information process-
ing (QIP) applications [17, 18, 16]. Previously, SPE from
GaN quantum dots at [19] and above room temperature [16]
was achieved using GaN nanorods created via selective area
growth (SAG). This was followed by growth of anAl푥Ga1−푥Nshell (푥 = 0.8), GaN quantum dot growth and finally a cap-
ping layer [20]. Ideally, one would desire a pure AlN barrier
layer to increase the band offsets, resulting in better confine-
ment, in order to realise even higher temperature SPE. Addi-
tionally, the use of a purely AlN core would avoid photon re-
absorption problems associated with a GaN core. However,
current methods to achieve AlN nanostructures are not well-
developed and, using pure AlN as a shell layer on SAG GaN
nanostructures without considering the nanostructure core,
is insufficient [20]. Therefore, another route for the creation
of uniform, well-faceted, high-quality arrays of AlN nanos-
tructures for both optoelectronic UVC applications and as
sites for quantum dots is necessary.
AlN nanostructures have been fabricated via a number of
different routes; AlN nanowires [21], via arc discharge [22],
vapour-liquid-solid [23] and vapour-solid [24] techniques, in
addition to MOVPE growth utilising catalyst droplets [25].
However, achieving dimensionally-uniform structures is very
challenging [21] and no spatially-predetermined arrays have
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been realised. One of the most widely-employed methods is
the growth of self-organisedAlN nanorods via radio-frequency
plasma-assisted molecular beam epitaxy [6]. Whilst these
rods are somewhat uniform and vertically aligned [6] they
are not homogeneous in their shape and they nucleate ran-
domly. As has been discovered with GaN self-assembled
nanorods, these structures will exhibit non-uniform proper-
ties and may hinder device processing [26]. Specifically, the
non-uniform dimensions of the rods will lead, upon growth
of active regions, to in-homogeneous optoelectronic proper-
ties of the rod arrays. Circumventing these problems would
obviously be desirable in device applications.
Recently, a catalyst- and lithography-free method for the
fabrication of AlN nanorods by polarity selective epitaxy
and etching has also been demonstrated [14]. Here, an AlN
layer ofmixed polarity is grown andwet etching is used to se-
lectively etch away N-polar regions of material [6]. Multiple
quantum wells were then grown on the resultant nanorods in
a core-shell architecture. However, the rods had random spa-
tial locations that led to non-uniform regrowth of the active
regions.
Selective area growth (SAG) is an effective method for
the creation of faceted, highly-uniform, spatially-predetermined
arrays of nanostructures. This has been widely utilised for
the growth ofGaN nanostructures such as nanopyramids [27]
and nanorods [28]. It has also been demonstrated with InN;
again the growth of nanopyramids [29] and nanorods [30]
have been achieved. However, with AlN, no demonstration
of SAG, via MOVPE, has been demonstrated thus far. This
is because aluminium (Al) adatoms have a very short diffu-
sion length and a large sticking coefficient [31]. This means
that they cannot diffuse effectively across a dielectric mask
to any more favourable, native, bonding sites. This results in
parasitic growth upon the mask itself instead of the forma-
tion of AlN nanostructures within the mask apertures.
The combined top-down, bottom-up approach is a promis-
ing approach to achieve complex nanostructures [10] [11]
[32] [33]. This process involves the nanopatterning and top-
down etching of a material (such as an initial planar AlN
template) to create nanostructures. This is followed by bottom-
up regrowth leading to well-faceted nanostructures. Any
surface damage introduced from dry etching is buried dur-
ing regrowth or removed by wet etching to limit its impact
on device performance. This technique has been used to cre-
ate arrays ofGaN/InGaN/GaN core-shell structures [34] [32]
and AlN/AlGaN/AlN structures [35] [33]. However, this
technique is predominantly used for regrowth onto nanorods,
with other structures largely unexplored.
The nature of the faceting that occurs during regrowth
on structured substrates (as shown later in this paper) allows
for an enhancement of the resolution of conventional litho-
graphic processes in order to create small nucleation regions
for the growth of quantum dots. Such regions are typically
much smaller than the resolution of large-area lithography
techniques that are widely available to researchers. More-
over, access to well-organised semi- and non-polar facets
opens up avenues to reduce the impact of the quantum-confined
Figure 1: SEM images of the four nanostructures created.
Shown are the deep etched nanorods (a) and nanoholes (c)
(∼ 1 µm deep) and shallow etched nanorods (b) and nanoholes
(d) (∼ 100 nm deep). The insets show the plan-view SEM
images of the rods and the cross-section SEM images of the
holes.
Stark effect (QCSE) present in active regions suitable for
UVC emission applications in planar devices [35].
In this work, we present the fabrication of AlN nanorod
and nanohole structures, followed by a study and analysis
of the effect of different MOVPE regrowth conditions. The
growth dynamics of planes of different orientations is pre-
sented and discussed for both nanorods and nanoholes. We
also discuss the results with regards to suitability for the ap-
plications mentioned.
2. Materials & Methods
Commercially-sourced, planar,∼ 4.5 µm thick, AlN tem-
plates (Suzhou Nanowin Science and Technology Co. LTD,
Suzhou, China) were used to fabricate nanorod and hole struc-
tures at two different etch depths. The fabrication process in-
volved the use of Displacement Talbot Lithography (a form
of photolithography) [36] [37] in order to pattern photoresist
for either the deposition or patterning of a hard etch mask
onto the AlN templates. This hard mask was then used dur-
ing a ICP (inductively coupled plasma) dry etch to create
hole and rod structures with depths of 1 µm and ∼ 100 nm.
The two different etch depths were chosen to study the im-
pact of the aspect ratio of the structures on the regrowth dy-
namics taking place.
Figure 1 shows the nanostructured templates after the
dry etching and removal of the hardmask. This Figure presents
a number of interesting observations. As one can see in (a)
and (b) the rod samples are relatively circular with slight
hexagonal faceting exhibiting ‘edge-to-edge’morphology ob-
served in the deep rod sample (as can be seen from the inset
in (a)). The hole samples ((c), (d)) by contrast, exhibit very
clear and distinctive hexagonal faceting with ‘point-to-point’
morphology. By comparing the geometry with the flat of the
sapphire wafer, the sidewall facets can be determined to be
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Table 1
Details of the growth experiments with the changes highlighted in red. For all growth
experiments the TMAl flow was 20 sccm, the pressure was 20 mbar and the carrier gas
was H2.
Growth run Set temperature ◦C NH3 Flow (sccm) V/III ratio Growth time (min) Corresponding figures
1 900 1000 ∼ 3800 60 2 (a), (d), (g), (j)
2 950 1000 ∼ 3800 60 2 (b), (e), (h), (k)
3 980/10051 1000 ∼ 3800 60 2 (c), (f), (i), (l)
4 950 20 ∼ 74 60 3 (a), (e), (i), (m)
2 950 1000 ∼ 3800 60 3 (b), (f), (j), (n)
5 950 2000 ∼ 7600 60 3 (c), (g), (k), (o)
6 950 5000 ∼ 19000 60 3 (d), (h), (l), (p)
5 950 2000 ∼ 7600 60 4 (a), (e), (i), (m)
7 950 2000 ∼ 7600 120 4 (b), (f), (j), (n)
8 950 2000 ∼ 7600 150 4 (c), (g), (k), (o)
9 950 2000 ∼ 7600 180 4 (d), (h), (l), (p)
1In run 3 the two set temperatures correspond to that of two different growth runs for the deep and shallow structures. These
temperatures were measured to be the same true temperature measured via emissivity-corrected pyrometry.
m-planes ({101̄0}). Also of note, is the clear difference in
etch depth as shown by the insets of (c) and (d).
A series of regrowth experiments were performed (see
Table 1). The effect of the growth temperature (runs 1-3),
the V/III ratio (runs 4, 2, 5, 6) and a growth time study (runs
5, 7, 8, 9) was performed. The growth set temperature was
the temperature set via the growth reactor and this was mea-
sured to have an offset of up to ∼ 100 ◦C less that that of the
true temperature measured via an emissivity-corrected py-
rometer. The regrown AlN nanostructures were then char-
acterised via SEM and AFM. More details of the fabrica-
tion, regrowth and characterisation procedures are given at
the end of this paper in the methods section.
3. Results & Discussion
The wurtzite crystal structure, being the most thermo-
dynamically favourable crystal polytype for AlN, leads to
the possible presence of a number of planes which can be
categorised as polar (normal to the plane parallel to the c-
axis), non-polar (normal perpendicular to the c-axis) and
semi-polar upon regrowth of nanostructures. The resulting
shape of the structures depends on the speed of the differ-
ent planes and the topography of the template. For convex
structures, such as the nanorods, the slowest growing facets
determine the resulting geometry of the structure, whereas
for concave structures, such as a shrinking void, the fastest
growing planes determine the final shape [38].
Given that the growth speeds of the different planes will
alter depending on the growth conditions, we now present
the results of varying the growth temperature, V/III ratio and
growth time.
3.1. The effect of growth temperature
Figure 2 presents SEM images of the growth on the four
different templates as a function of the growth temperature
whilst keeping all other growth conditions the same. The
growth conditions are shown in runs 1-3 of Table 1.
The deep rod samples in Figure 2 (a) - (c) have a ‘pyramid-
on-rod’ structure with neighbouring structures being ‘point-
to-point’. The side facets arem-plane as a result of this being
the slowest-growing non-polar plane. However, the sidewall
facets are limited and the corners between them are not fully
formed. With increasing growth temperature, the hexago-
nal shape of the rods is more well defined with sharper cor-
ners. This is likely due to the increased adatom diffusion at
higher temperatures. The top c-plane truncation is small at
all growth temperatures due to the c-plane being fast grow-
ing in all cases compared to that of the semi-polar planes.
Finally, the sidewall facets are almost vertical at the base of
the rod, with no presence of semi-polar facets, and tapers
slightly outwards as they meet the base of the pyramid.
All the shallow rod samples (Figures 2 (d) - (f)) have
large top c-planes surrounded by semi-polar planes result-
ing in an ‘edge-to-edge’ morphology. Non-polar planes are
not present due to the small aspect ratio resulting in either
a rapid extinction or no initial formation of the non-polar
planes. As the growth temperature increases the features
appear less hexagonal, indicative of greater competition be-
tween different semi-polar facets. In addition, the semi-polar
plane relative to the c-plane growth rate increases resulting
in rods with large diameters. Therefore, no nanopyramids
are formed. Many defects are observed that reduce in num-
ber as the growth temperature increases due to the increased
adatom diffusion at higher temperatures that allows the de-
fects to be planarised. These defects might have been initi-
ated by the dry-etching step or from pre-existing dislocation
pits.
Figure 2 shows the effect of temperature on the deep (g)
- (i) and the shallow (j) - (l) hole samples. Both sets show
improving regularity of the features with increasing temper-
ature. At the lower temperatures, for the deep hole templates
in Figure 2 (g)-(h), irregular facets are formed on the semi-
polar planes, whereas for the shallow hole templates, an un-
usual morphology is observed for the lowest temperature in
Figure 2 (j) due to semi-polar facet competition, and a ‘star
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Figure 2: SEM images corresponding to the four templates grown at different temperatures. The green hexagons in (g)-(l)
represent the original morphology of the dry etched structure superimposed on the regrown holes. The red arrows in (k) indicate
some of the macrosteps that are discussed in the text.
like’ growth for a mid-range temperature in Figure 2 (k) as
a result of growth upon the central c-plane of the hole.
If one looks at the outer contrast of each hole, showing
the intersections between the semi-polar sidewalls and the
top-c-plane, it can be seen that all of the deep hole samples
and all of the shallow hole samples, except for the one at the
lowest temperature, exhibit edge-to-edge morphology. This
indicates the presence of semi-polar a-planes ({112̄푖}), in
stark contrast to the m-plane faceted holes after etching. In-
deed, the unusual morphologies at low temperaturemight re-
sult from the transition between the m-plane facets ({101̄0})
of the dry etch templates to the semi-polar a-planes after re-
growth. In contrast, if one looks at the inner contrast of each
deep hole sample, the central voids are larger at a higher
growth temperature and less hexagonal, indicating less growth
and a less dominant non-polar plane.
Macrostep features are visible on the c-plane which ap-
pear to bend around both hole samples and appear to bend
less at higher growth temperatures.
3.2. The effect of V/III ratio
Figure 3 depicts the impact of the V/III ratio on the re-
growth of AlN for all four types of templates. Four different
V/III ratios were chosen ranging from a very low value of
∼ 74 to a very high value of ∼ 19000 (see Table 1, growth
runs 4, 2, 5, 6).
Figure 3 (a) shows that at very low V/III ratio no smooth
non-polar planes are formed on the deep rods. It is likely that
rapid extinction of the non-polar planes gives rise to this very
undulating, rough sidewall rather than a smooth non-polar
facet. The presence of a large top c-plane is due to the growth
of the c-plane being considerably slower than the semi-polar
planes with these conditions.
As the V/III ratio increases, the non-polar planes form
and intersect each other more closely, with the height of the
non-polar planes increasing 3 (b) - (d). The tendency for
higher non-polar sidewalls and sharper intersections suggests
that the relative speed of the m-plane growth decreases as
the V/III ratio increases; thus extinguishing any residual a-
planes. The diameter of the top c-plane also increases from
3 (b) - (d) indicating that the relative speed of the semi-polar
planes increases. For the highest V/III ratio, the inset in Fig-
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Figure 3: SEM images of the four structures grown with different V/III ratios. The green hexagons in (j) - (l) and (n) - (p)
represent the original morphology of the dry etched structure superimposed on the regrown holes.
ure 3 (d) shows a much smaller increase in rod diameter due
to a significantly reduced non-polar growth rate.
By examining the height of the nanorods after growth, it
can be seen that the nanorods reduce in height with increas-
ing V/III ratio. As the nanorod height is found to be equal
or lower than the initial 1 µm tall dry etched nanorod, the c-
plane growth rate at the bottom c-plane, in between the rods,
is equal or higher than the one on the top nanorod c-plane.
The reason for this is unclear, but the effect of the slower
top-nanorod c-plane growth rate is to limit the reduction in
lateral size of the c-plane facet on top of the nanorod for the
high V/III ratios.
Growth with a very low V/III ratio on shallow rods (fig-
ure 3 (e)) gives rise to well-defined ‘point-to-point’ struc-
tures in contrast to all other samples ((f) - (h)). No inclined
semi-polar planes are observed, with the structure being de-
fined by slow-growing m-planes; slower than the non-polar
a-plane or other semi-polar planes. The lack of semi-polar
planes at V/III ∼ 74 is also observed in the nanohole sam-
ples.
As the V/III ratio increases (figure 3 (f)-(g)), the shallow
rods change from being ‘point-to-point’ to ‘edge-to-edge’
with the sidewalls switching from non-polarm-planes to semi-
polar a-planes. At very high V/III ratio (∼ 19000) (figure 3
(h)) the rods appear multifaceted with a mixture of ‘point-to-
point’ and ‘edge-to-edge’ morphology. Given that, like for
the deep rods, they also exhibit a smaller diameter, it is likely
that the lack of growth has prevented the structure finding a
more equilibrium and uniform shape.
Turning to the hole samples, no semi-polar planes are
formed for either shallow or deep holes at the lowest V/III
ratio (figure 3 (i) and (m)), leading to rapid planarisation of
the hole array and the likely generation of subsurface voids.
For higher V/III ratios, the semi-polar a-planes appear along
with either other irregular facets in the deep hole samples
that reduce when the V/III ratio increases from ∼ 3800 to
∼ 7800, or star-like features in the shallow hole samples
originating from the competition with the central c-plane of
the hole.
At a very high V/III ratio of ∼ 19000 the deep holes
(figure 3 (l)) are very circular due to facet competition and
an overall lack of growth; also observed in the shallow hole
sample (figure 3 (p)).
Macrosteps dominate the images of the hole samples at
a very low V/III ratio with the height of the steps decreasing
with increasing V/III ratio with none being visible in Figure
3 (l) and (p). This is due to the increase in nitrogen atoms on
the surface reducing Al-adatom diffusion resulting in shal-
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lower steps [39]. Furthermore, there is minimal perturbation
of the macrosteps around the remaining holes in both Figure
3 (i) and (m). This differs from all other growth conditions,
both in Figure 2 and 3, where the macrosteps bend around
the holes, likely due to the semi-polar planes that are also
present.
In an attempt to identify the specific semi-polar planes in
the hole samples, their angles were extracted from the AFM
scans as shown and detailed in the supplementary informa-
tion. It was found that, for the deep hole samples, at V/III
ratios of ∼ 3800 and ∼ 7600 and the shallow holes at V/III
ratios of ∼ 3800 and ∼ 19000, the planes were oriented
around 58-62° to the horizontal. Combining this with the
knowledge of the orientation of the sample and the ‘edge-
to-edge’ morphology leads to the likelihood of these being
{112̄2} facets. At a V/III ratio of ∼ 19000 for the deep holes
and ∼ 7600 for the shallow holes the facets are not well de-
fined.
To summarise the results from these growth studies with
respect to the original aim of creating suitable sites for quan-
tum dots, it was found that the deep nanorod sample with a
V/III ratio of∼ 7600 provided a well-faceted structure along
with a small c-plane truncation. Moreover, the deep hole
sample under the same growth conditions was also the most
promising, with minimal undesirable faceting on the semi-
polar planes. Therefore, these conditions were chosen as a
starting point for studies of the growth time.
3.3. The effect of the increase in growth time
Figure 4 displays the effect of increasing the growth time
for the four types of templates (see Table 1 runs 5, 7 ,8 ,9).
For the deep rod samples in Figures 4 (a) - (d)), increasingly
sharp apices at the peaks of the pyramidal regions are formed
with increasing growth time. The tilted SEM image in Fig-
ure 5 from a system capable of higher resolution shows the
sharpness more strikingly alongwith the considerable lateral
expansion of the deep rod sample under prolonged growth
time that results in rod coalescence.
An overhang is observed at the base of the nanopyramid
that is much more pronounced in figures 4 (c) and (d), after
the apex is fully formed. The overhang arises due to prefer-
ential incorporation of material around this convex region of
the rod (see section 3.4). More material arrives at the pyra-
midal section compared to the sidewalls of the rod, but the
slow growth rate of the semi-polar planes leads to adatom
diffusion to neighbouring planes. Once the c-plane is extin-
guished, the overhang region is the only sink region for these
adatoms; hence the rapid increase in its size. This effect is
compounded by restricted gas diffusion to the base of the rod
caused by the presence of the large semi-polar planes.
The shallow rods show increasing planarisation and one
would expect that further prolonged growth would lead to
coalescence. The rods exhibit an ‘edge-to-edge’ morphol-
ogy with increased growth time, indicative of much faster
semi-polar plane growth compared to that of c-plane [11].
The fast growing semi-polar a-plane contrasts with the very
slow growing semi-polar m-planes forming the nanopyra-
mids for the deep rod structures, and is due to them having a
concave rather than a convex growth nature. This results in
the fastest growing planes dominating the rod sidewall mor-
phology, leading to a lateral expansion of the rods.
For the deep hole samples, the semi-polar facets increase
in size as the growth time is increased (see Figures 4 (i) - (l))
due to its slow growth rate compared with that of the c-plane.
The nanopyrmaidal pits in Figure 4 (j) are close to coalesc-
ing with only one family of 6 facets present. With further
growth, the holes are found to never fully coalesce (see in-
sets of Figure 4 (j) - (l)) and a second family of facets are
visible that compete with each other once this local equilib-
rium shape has been reached (Figure 4 (l)). Irregular facets
also appear for the highest growth times (Figure 4 (l)).
Figure 4 (m) - (p) shows the effect of prolonged growth
on the shallow holes. After 120 and 150 min the structures
themselves appear to shrink in size. At 120 min growth they
have well-defined ‘edge-to-edge’ facets with minimal com-
petition. However, after a growth time of 150 - 180 min,
ridges (or joins) appear to form within the holes leading to
an irregular morphology without a well defined hexagonal
shape and sometimes elongated in seemingly arbitrary di-
rections. The latter is due to anisotropic planarisation of the
hole, on the way to full coalescence and planarisation.
3.4. Discussion of Growth Mechanisms
This section describe the mechanism for how the mor-
phology of each template influences the form of the final
structure independently of the growth parameters. Whilst
this morphology is the major determining factor, the growth
parameters primarily influence the final structure through
modifications of the relative growth rates of different planes.
Figure 6 shows schematics of the different samples high-
lighting various critical points and whether they have a con-
vex or concave shape. Note that this shape determineswhether
the equilibrium morphology is determined by the slowest-
or fastest-growing crystal facets. However, points on the
surface can be characterised by their shape in two dimen-
sions, leading to situations where it is convex along one line
(blue arrow in figure 6), and concave along its perpendicular
(yellow arrow in figure 6), corresponding to a saddle point.
This is in addition to the cases where it is convex or concave
in both directions, referred to as double-convex or double-
concave in the following descriptions, or indeed where it is
flat in one or two dimensions. This convex-concave or dou-
ble convex (concave) morphological nature then determines
the shape of towards which the structure grows, as presented
in the model described in [40]. Although in [40] this is con-
sidered for GaN SAG structures this can also be applied to
our AlN top-down bottom-up nanostructures.
In the deep rod sample (Figure 6a) a double-convex base
of a semi-polar pyramid forms in the upper region of the
rod. Due to the reduced number of bonding sites being avail-
able at this corner it is more costly for adatoms to bind here.
Thus this region is slower growing than other regions and
leads to the slow-growing semi-polar planes dominating the
rod structure after prolonged growth times. This manifests
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Figure 4: SEM images corresponding to the growth on the four structures for different regrowth times. The green hexagons in
(i)-(p) represent the original morphology of the dry etched structure superimposed on the regrown holes.
Figure 5: High resolution tilted SEM image of the sample from
growth run 9.
itself with a visible overhang and an increase of the size of
the semi-polar planes relative to other plane geometries, also
leading to the top c-plane being extinguished.
In the shallow rod sample (Figure 6b), the base of the
rods has a concave morphology in one direction so that there
are more bonding sites available than in other regions. This
results in a more rapid growth of the semi-polar planes lead-
ing to no formation of any non-polar planes and the fast-
growing semi-polar planes dictating the final morphology
of the structure. In the absence of the non-polar planes, pro-
longed growth results in lateral expansion of the rods. This
also results in an expansion of the top c-plane as it is slower
growing relative to the semi-polar planes resulting in an al-
most coalesced layer after the longest growth time, despite
the top of the rods having double convex morphology.
Also of note is that these structures have ’wavy’ edges.
This is likely due to the impact of the irregular dry etch
trench on this critical convex-concave region which is driv-
ing the speed of the semi-polar growth.
In the deep hole samples (Figure 6c) the intersections of
the planes are mostly convex in nature, with concave regions
between families of semi-polar planes and between families
of non-polar planes. The concave nature leads to the forma-
tion of the faster-growing semi-polar and non-polar a-plane
facets. However, the growth rate of these semi-polar planes
is still slow enough for the semi-polar planes to continue to
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Figure 6: Schematic representation of the convex and con-
cave nature of all four structures. The images on the left are
before regrowth and the images on the right after regrowth.
The deep rod, shallow rod, deep hole and shallow hole struc-
tures are shown in (a), (b), (c) and (d) respectively. Blue
arrows indicate convex morphology whereas yellow arrows in-
dicate concave morphology.
(a)
(b)
(c)
(d)
expand, at the expense of the c-plane between the holes.
The shallow hole structures (Figure 6d) have an addi-
tional c-plane within the hole upon which growth can occur.
The gives a double-concave morphology at the base of the
holes causing rapid growth on the semi-polar planes as with
the shallow rods. In this case, the top c-plane surrounding
the hole structures is slower growing than these semi-polar
planes, causing the c-plane to expand laterally as growth
time increases, reducing the size of the hole structures.
It has been found that the aspect ratio of the holes or
rods has a key role in determining whether convex or con-
cave growth occurs and this has a profound impact on the
morphology of the structures. This is especially visible after
prolonged growth. It also has a knock on effect on whether
the top c-planes between (holes) or upon (rods) the structures
expand or contract.
3.5. Optimisation of AlN nanostructures for
applications
The introduction described two possible applications for
the use of regular arrays of faceted AlN nanostructures: as
sites for the creation of quantum dots, and for core-shell UVC
emitters. For quantum dots, one requires features on the or-
der of nanometres, commensurate with the excitonic Bohr
radius of these materials of ∼ 1.5 nm [41]. The sharp, high-
quality, uniform rod apices of the deep rod samples are ideal
as sites to house such structures. For core-shell UVC archi-
tectures, large, high-quality non- and semi-polar facets for
active region growth is desirable to harness the reduced in-
trinsic QCSE of such devices [35]. Thus a desirable struc-
turewould have access to these facets for active region growth
and an example of this is a well faceted non-polar rod side-
wall.
The small sharp apices of the deep rod samples in Fig-
ures 4 (c) and (d) are promising as sites for GaN or AlGaN
quantum dot growth (see figure 8). However, the rods are
coalesced which is undesirable as there may be preferential
incorporation of material at these coalesced regions. The co-
alescence also prevents non-polar sidewalls being available
for the growth of non-polar quantumwell structures for DUV
devices. One solution would be to fabricate rods at a larger
pitch to avoid coalescence. Another would be to utilise a
higher V/III ratio during prolonged growth, and such an ex-
periment is shown in Figure 7.
After prolonged growth (Figure 7 (c) - (e)) the sidewall
facets fully meet each other all the way down the rod, since
the non-polar m-plane growth is considerably slower than
that of the a-plane. In addition, as the growth time increases
(see Figure 7 (e)) the size of the apices becomes very small,
beyond the resolution limit of our SEM (see Figure 8). Cru-
cially, even after 270 minutes growth, coalescence between
rods has not occurred due to the very slow growingm-planes.
In contrast, the deep hole samples are unsuitable for cre-
ating sites for quantum dots, for example within the apex of
an inverted pyramid, without further optimisation and fine-
tuning, as coalescence is never observed. It appears that
the persistent, remaining channel at the centre of the holes
is evidence of the self-limited growth nature of these deep
etched structures. Furthermore, the shallow hole samples
are also not promising due to the irregular bridging and join-
ing within the holes after a prolonged growth time (Figure
4p). However, after optimisation of the dry etch depth of
these nanohole structures it may be feasible to achieve fully-
formed, well-faceted, inverse pyramid structures. Neverthe-
less, there is potential for the deep hole and deep rod sam-
R. Armstrong et al.: Preprint submitted to Elsevier Page 8 of 13
Regrowth of AlN
Figure 7: SEM images showing the morphology after different
growth durations for the deep nanorod samples at a V/III ratio
of ∼ 19000. (a) 60 min, (b) 120 min, (c) 180 min, (d) 210
min, (e) 270 min.
Figure 8: Plot of the size of the top c-plane truncations as a
function of rod growth time for the rods grown at V/III ∼ 7600
and ∼ 19000. The truncation sizes were extracted from SEM
images using ImageJ with estimates of the measurement errors.
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ples to be utilised for the growth of quantum well structures
on the non-polar or semi-polar planes for optoelectronic ap-
plications in order to take advantage of a reduced quantum
confined Stark effect.
4. Conclusions
In conclusion, a detailed study of the growth conditions
upon the regrowth of AlN nanostructures has been under-
taken. The V/III ratio has been found to be more influential
than growth temperature on the morphological regrowth of
all of the nanostructures investigated. The prolonged growth
at a V/III ratio of ∼ 19000 realised sharp apices at the tips
of the nanorods, suitable for the site-control of quantum dots,
with the absence of rod coalescence. In addition, well-formed
side-walls in the same samples show promise for their poten-
tial use in quantum well core-shell structures.
The deep hole samples appear to be self-limited with a
hole always remaining at the centre of the structure. Both
deep and shallow hole samples start to exhibit mis-oriented,
competitive growth from the centre of the structures, demon-
strating that it is difficult to form nanopyramidal pit struc-
tures without facet competition for a wide range of growth
conditions.
Overall, we have shown that the hybrid top-down, bottom-
up approach has been successful for the realisation of uni-
form, well faceted AlN nanostructures. This approach shows
promise for obtaining previously unattainable devices to be
realised with this material.
5. Experimental Details
5.1. Sample Fabrication
The starting templates were planar, ∼ 4.5 µm thick, AlN
templates grown via HVPE on a (0001) sapphire substrate
which were sourced commercially (Suzhou Nanowin Sci-
ence and Technology Co. LTD, Suzhou, China). For the
creation of nanorods, the AlN wafer was spin-coated with
a bottom anti-reflection layer (BARC) (Wide-30W, Brewer
Science) and a high-contrast positive resist (Ultra-i 123, Eu-
litha, Switzerland) with appropriate baking steps. Displace-
ment Talbot lithography (DTL) was used to expose the resist
through an amplitude mask (270 mJ cm−2 exposure dose)
with a 1 µm pitch. Details about DTL and its applications
(e.g. [42]), especially concerning nanopatterning III-N ma-
terials can be found elsewhere (see [36]). The BARC and
resist were developed (MF-CD-026, Dow Electronic Mate-
rials) for a suitable time in order to create an undercut profile
in the BARC for subsequentmetal dot deposition. Metal dots
were deposited through the resist and undercut BARC (∼ 5
nm Au followed by ∼ 210 nm Ni) via e-beam evaporation.
Lift-off with developer (MF-CD-26) was performed to re-
veal a metal dot array to be used as a mask for dry etching.
The metal dots had a pitch of 1 µm and diameter of ∼ 340
nm.
For the creation of nanoholes, ∼ 600 nm SiN푥 was de-posited onto theAlN template via plasma enhanced chemical
vapour deposition (PECVD) (Plasmatherm 790) to be used
later as an etch mask. This was followed by spin coating
the wafer with BARC (Wide-8C, Brewer Science) and resist
(PFI-88, Sumitomo Chemical Advanced Technologies) with
appropriate baking steps. DTL was used to expose the resist
through an amplitude mask (230 mJ cm−2 exposure dose)
with a 1 µm pitch. The wafer was developed (MF-CD-26)
with the remaining BARC and resist utilised as a dry etching
mask to transfer the pattern through the deposited SiN푥. Thedry etching into the SiN푥 was performed with an inductively
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coupled plasma (ICP) (Oxford Instruments Plasma Technol-
ogy PlasmaPro 100 Cobra) system with CHF3 gas chemistryat a flow of 25 sccm, pressure of 6.5 mTorr, RF power 50W,
ICP power 300 W, temperature 20 ◦C for 12 minutes. The
DC bias was monitored to stay between 270 V and 266 V.
A piranha clean (concentrated H2SO4 ∶ H2O2) at a ratio of3:1 was performed for 3 minutes to remove any remaining
resist, BARC and any other organic material.
Both sets of samples were cleanedwith a gentle O2 baseddry etch (via the ICP system stated above) at an RF power
40 W, ICP power 400 W, temperature 20 ◦C and pressure of
20 mTorr with an O2 gas flow of 50 sccm, to further removeany remaining organic material (such as residual BARC and
resist). The metal dot patterned sample was etched for 10
minutes and the DC bias monitored to be between 250-249
V. The SiN푥 patterned sample was etched for 5 minutes withthe DC bias monitored to be between 250-248 V. A Cl2/Argas chemistry with flows of 50 sccm and 10 sccm respec-
tively, was then used to etch both samples each to two differ-
ent etch depths. The RF power was set to 80 W, ICP power
800 W, temperature 150 ◦C, pressure 14 mTorr, with etch
times of 10 minutes and 1 minute. This left four sets of sam-
ples, the deep holes and rods, ∼ 1 µm in depth, and the shal-
low holes and rods, ∼ 100 nm in depth.
An aqua regia clean was then performed on the nanorod
samples (HCl ∶ HNO3) at a 3:1 ratio for ∼ 5 min to removethe metal mask. This was followed by a piranha clean (3:1
ratio) for∼ 3min and a buffered oxide etch (BOE) with a 5:1
dilution, for ∼ 2min to remove any oxides from the surfaces
of the rods. The nanohole samples merely required a BOE
at 5:1 dilution for ∼ 50 − 60 min for the deep and shallow
etched holes to remove both oxides and any remaining SiN푥mask.
5.2. Regrowth Experiments
Bottom-up regrowth of AlN was then performed on the
samples using a 1 x 2" horizontal MOVPE reactor (AIX
200/4HT RF-S, AIXTRON, Germany). The precursors used
wereNH3 for nitrogen and trimethlyaluminium for aluminium.The carrier gas during the regrowth was H2. Growth param-eters were changed in order to observe the effects on the re-
growth of the nanostructures. Specifically, the parameters
changed were growth temperature, V/III ratio, and growth
time. The reactor chamber pressure throughout all the ex-
periments was kept at 20 mbar.
5.3. Characterisation
5.3.1. Scanning Electron Microscope (SEM)
Themorphological characterisation of the regrown struc-
tures and at various stages of the fabrication process were
carried out via a scanning electron microscope (SEM) (Hi-
tachi Field-Emission S-4300 SE) using a 5 kV electron beam
and detection of the secondary electron signal.
5.3.2. Atomic Force Microscope (AFM)
An AFM (Bruker multimode IIIA) was used to analyse
the surface facets and macrosteps of the nanohole samples.
High resolution silicon AFM tips (supplied from Nunano)
with a tip radius of curvature of < 10 nm were used. Other
specifications of the tips include a spring constant of 42N/m,
resonant frequency of 350 Hz, cantilever dimensions of 125
µm, 30 µm and 4.5 µm for the length, width and thickness of
the cantilever, respectively. The tips had a high aspect ratio
with a cone angle < 15° over the last 1 µm. During measure-
ment, the amplitude set point, integral gain and proportional
gain were optimised in order to realise high quality images
whilst minimising noise. Images were typically taken with a
scan time of 1 Hz per line at a scan size of either 2 or 1 µm.
The data was analysed with the Gwyddion software package.
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Creation of regular arrays of faceted AlN nanostructures via a
combined top-down, bottom-up approach
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ABSTRACT
The realisation of spatially-determined, uniform arrays of faceted aluminium nitride (AlN) nanos-
tructures has had limited exploration, largely due to the fact that selective area growth of AlN via
MOVPE (Metal Organic Vapour Phase Epitaxy) has not been realised. Instead, this paper reports
the use of a combined top-down, bottom-up approach to realise well-faceted, highly-uniform, peri-
odic nanotextured AlN surfaces. MOVPE regrowth is performed upon dry-etched AlN nanorods and
nanoholes, and we present a study into the effect of the growth conditions on the resulting faceting
and morphology. Specifically, growth temperature, V/III ratio and growth time are investigated and
analysed via scanning-electron and atomic-force microscopy. The V/III ratio was found to influence
the nanostructure morphology most whilst the growth temperature was found to have much less of an
impact within the temperature range studied. Experiments with a longer growth time are performed
to create nanostructures for potential use in applications, such as for AlGaN-based quantum-well or
quantum-dot emitters.
Figure 9: Calibration image of the AFM data. The black lines
indicate measurement lines from which the difference between
the know size of 1 휇푚 and the measure size is obtained.
In this supplementary information, extra details and data
regarding the AFM measurements mentioned into the main
text is provided. All AFM data was analysed with the freely
available Gwyddion software package. The AFM raw data
of all of the samples was distorted to some extent in terms
of the lengths scales of the x and y axis measured. All the
samples were fabricated with a 1휇푚 pitch; therefore by mea-
suring the pitch of the structures in the x and y directions, one
could obtain the level of distortion (see black lines in Figure
9). From the obtained dimension measurements the length
of the x and y axes were re-scaled. This process was per-
ra760@bath.ac.uk (R. Armstrong)
ORCID(s):
formed iteratively until the correct pitch between the struc-
tures was obtained. It was often observe that only the y-
direction was distorted and not that of the x. This calibration
step was performed on scan sizes of either 2x2 or 5x5 휇푚
and then applied to 1x1 휇푚 scans under the assumption that
the distortion remains constant across all scan sizes. Using
this calibration, the pixel ratios of the AFM scans were also
adjusted accordingly. From this profile slices, perpendicu-
lar to the facets, were taken in order to extract the angles
of the semi-polar facets present and thus identify their na-
ture. As all of the samples have edge-to-edge morphology,
it is assumed that the semi-polar facets are a-plane in type
{푥푥2̄푥푦}.
The AFM scans of single faceted nanohole structures are
shown in figure 10. The angles extracted from the planes are
given in table 2. Any misoriented growth observed in the
AFM images are neglected and omitted from table 2 as they
do not provide a true representation of the semi-polar facets
present. The error is estimated to be quite large considering
that a reasonable amount of calibratory changes have been
made to the AFM scans which has had an effect on the an-
gles extracted comparatively between the raw and adjusted
data. Considering that the error is likely to be on the order
of ±3 − 4° and the samples exhibit edge-to-edge morphol-
ogy, it is very likely that the semi-polar facets of samples 1,
2, 4 and 6 (in table 2) are that of {112̄2}. Whilst sample
3 has facet angles similar to that of the other samples, due
to the circularity of this sample is is difficult to definitively
identify the semi-polar facets present. Indeed, the circular-
ity could mean that a mixture of {112̄2} and {101̄1} facets
are present.
Figure 11 shows the AFM data corresponding to the pro-
longed growth time study upon the deep hole structures. As
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Figure 10: AFM data of the deep (a - d) and shallow (e - h) holes grown at different V/III ratios.
Table 2
This table provides the semi-polar the facet angles measured for the deep and shallow hole
structures grown at different V/III ratios.
Sample
Number
Sample V/III Ratio Facet Angle Measured Comments
1 Deep Holes ∼ 3800 61-62° Some misoriented growth
2 Deep Holes ∼ 7600 58-62° some misoriented growth
3 Deep Holes ∼ 19000 60-62° Circular morphology, likely a lot of mixed, competing
faceting
4 Shallow Holes ∼ 3800 59-62° Some misoriented growth at centre of hole
5 Shallow Holes ∼ 7600 N/A A lot of facet competition, cannot really extract an-
gle date from this sample
6 Shallow Holes ∼ 19000 58-59° Some misoriented growth
above, the angles of the semi-polar planes were extracted
(see table 3). The angles of samples 1-3 all resided between
59 and 62°. Considering that all the structures have edge-
to-edge morphology this data suggests that the semi-polar
facets present are again {112̄2}. Sample 4 of table 3 has
a lot of facet competition and misoriented growth present
and subsequently the extraction of reliable angles from this
structure is not possible. This does however suggest that af-
ter a given, prolonged growth time, facet competition arises
which is not present in samples grown for a lesser amount of
time (comparing Figures 11 (c) and (d)). Thus this data sug-
gests that the observed inverse pyramid with channel struc-
ture (Figure 11 (a) -(c)) is not a stable one after prolonged
growth.
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Figure 11: AFM data of the growth time study of the deep holes at a V/III ratio of ∼ 7600.
Table 3
This table provides the semi-polar the facet angles measured for the deep hole structures
grown at a V/III ratio of ∼ 7600 for prolonged growth times.
Sample
Number
Growth
Time
(Minutes)
Facet Angle Measured Comments
1 60 61-62° Some misoriented growth
2 120 59-61° Well faceted structure
3 150 60-61° Well faceted structure
4 180 N/A A lot of misoriented growth and facet competition
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